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C h a p t e r  2
Trans pineal microdialysis,
a description of the
methodological aspects
Ever since the exact sciences changed from a philosophical approach to an
empirical one, the experimental details became of crucial importance in
the description of scientific data. The type of equipment, type and quality
of materials, kind of subjects studied, as well as protocols and operating
procedures used, need to be defined for a number of reasons. A good
interpretation of the data can only be made when the experimental
procedures are fully understood. Secondly, other researchers have to be
able to reproduce the data, in order to continue certain areas of research.
Often relatively small differences in materials or procedures used,
appear to cause crucial differences in the outcome of the experiments.
Comparisons between the smallest details of one method and the other,
often occupy large space in the discussions of scientific papers. Many times
these discussions are triggered by unreproducible data. A thorough de-
scription of the experimental details is therefore crucial in scientific
research and is more important when techniques become more sophisti-
cated and complicated. The demand from regulatory authorities to follow
the Good Laboratory Practices (GLP), as described in the Washington
criteria,320 is logically increasing. 
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Scientific papers usually have limited attention for experimental details.
The otherwise enormous increase in volume of scientific paperwork would
certainly hinder the possibility to stay up-to-date with the literature. Often,
when previously described techniques are used, a mere citation of that
work is more than enough. Still, sometimes there is a need to describe
certain aspects of the technique in a little more detail, especially for
enabling reproduction of the experiment. A thesis like the present one,
which combines the scientific output of four years of research, seems like
a good opportunity to describe a number of technical aspects in more
detail. Secondly, because all data are now published in a book, there is no
need to repeat similar information in each chapter.
This chapter describes technical details about all experiments described
in this thesis. In all chapters, cross references are made to pages in the
present chapter, describing the methodology. Relevant and specific discus-
sions on the advantages of one technique over the other as well as some
data directly correlated to the experimental procedures, such as chroma-
tograms and calibration curves, are also included.
 
Data presented in this chapter are published in all papers as mentioned in the publication list,
but the most important are:
Drijfhout WJ, Grol CJ and Westerink BHC (1993) Microdialysis of melatonin in the rat pineal
gland: methodology and pharmacological applications. J. Neurochem. 61, 936-942.
Drijfhout WJ, Van der Linde AG, Kooi SE, Grol CJ and Westerink BHC (1996) Norepinephrine
release in the rat pineal gland: the input from the biological clock measured by in vivo
microdialysis. J. Neurochem. 66, 748-755.
Drijfhout WJ, Grol CJ and Westerink BHC (1996) Parasympathic inhibition of pineal indole
metabolism by prejunctional modulation of noradrenaline release. Eur. J. Pharmacol., in press.
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2.1 Microdialysis
Probe construction
Based on reasons mentioned on page 51, a transversal probe was developed for use in all
pineal microdialysis experiments. This was a modification of the trans cerebral probe
originally described by Imperato and Di Chiara.136 A schematic drawing of the exact
construction of the probe is provided in Fig. 2.1. Its construction was mainly a three-step
process. 
In the first step, a dialysis tube (0.22 mm i.d., 0.27 mm o.d., 10,000 molecular weight
cut-off), prepared from saponified cellulose ester (artificial kidney for human use; Cordis
Dow Medical International, Oosterwolde) was pushed over a tungsten wire (TW5-3,
Clark, U.K.). One end of this wire was previously sharpened by a mechanical engineer.
The sharp point was intended to make the penetration of the relatively loose pineal more
easy. The process of sharpening sometimes caused bending of the wire. Since this was
intolerable for proper implantation, such wires were discarded. Once the dialysis tube
has been pushed over, a short piece of stainless steel (blunted needle, 23 G Stericon®)
was slipped over the back end of the tungsten wire, up to approximately 1 mm over the
membrane. Fixation of the stainless steel to the membrane (not the tungsten wire!) with
two-component epoxy resin (Pattex® Super-mix, Henkel) completed the first step. 
Once the resin was hardened, marking the dialysis area was the second step. With a
marker pen, four marks were made, dividing the membrane in several sections. Starting
from the side of the epoxy resin, the sections were 11, 2, 11 and 2 mm wide. In both
sections of 11 mm, the complete surface of the membrane was glued with silicone glue
(CAF 3, Rhône-Poelenc, France). The middle section of 2 mm was the dialysis area that
had to be positioned in the pineal, while the outer segment of 2 mm was intended for
attachment of a second piece of stainless steel during the surgery (see page 59).
The third step involved cutting off the excess membrane, about 1 mm beyond the last
mark. Then the membrane was fixed to the tungsten wire with cyanoacrylate glue
(Pattex® Super-gel, Henkel). Probes were generally produced in batches of ten, about
eight of which were of top quality and suitable for implantation. General problems that
occurred during construction were fixation of the membrane to the tungsten other than
at the tip, bending of the tungsten wire and silicone glue on the dialysis area.
Figure 2.1 Construction of the trans pineal probe.
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Running the experiment automatically
The fact that many experiments had to be carried out during the dark period, the active
period of the rat, or throughout the complete 24 h cycle, a number of modifications to
standard microdialysis procedures were introduced. Some involved practical things,
others involved automation of processes by means of a computer. In this section, the
general procedure in running an experiment is described. In Fig. 2.2 a schematic
overview of the experimental setup is provided.
Perfusion
The perfusion fluid was Ringer’s solution, containing NaCl (147 mM), KCl (4 mM),
CaCl2 (1.2 mM) and MgCl2 (1.0 mM). This solution was prepared freshly on a daily basis
from a ten times concentrated stock solution (preparation of stock solution, see page
69), frozen in quantities of 1 ml. When drugs were infused, they were dissolved in
Ringer’s solution. Generally no corrections were made concerning the osmolarity of the
solution, except for the experiments with 60 mM potassium, in which the potassium was
exchanged with sodium. 
The Ringer’s solution was delivered by means of a CMA/100 or CMA/102 microin-
jection pump (CMA microdialysis, Sweden) and a 1 (1001 RN), 2.5 (1002 RN) or 5
(1005 RN) ml syringe (Hamilton, U.S.A.), depending on duration of the experiment
Figure 2.2 A schematic overview of the complete experimental setup. Ringer’s solution
is delivered by a perfusion pump. In-and outlet of the rat are connected to a swivel, which
prevents the tubing from getting tangled. Perfusion occurs on-line, so the outlet of the
swivel is directly connected to the automated HPLC-system.
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and the amount of solution available. Leakage of the syringe was easily detected by the
presence of liquid just behind the plunger cap. Immediate replacement of the plunger
cap was a cheap and effective method to prevent the occurrence of failing experiments
due to improper perfusion. The fluid was delivered at a flow rate of 3.0 ml/min. In early
experiments two other perfusion pumps were used, a Perfusor VI (Braun, Germany) and
a peristaltic pump (Watson-Marlow, U.K.). Disadvantages of these pumps were difficult
syringe fixation/replacement (Perfusor VI) and troublesome calibration and pulsating
flow (peristaltic pump).
The connection of the animal to the perfusion system consisted of PEEK tubing (0.13
mm i.d., 0.51 mm o.d., Upchurch Scientific, U.S.A.). In early experiments fused silica
tubing (0.1 mm i.d., 0.375 mm o.d., Polymicro Technologies Inc., U.S.A.) was used,
but the relatively high pressure in the tubing and the troublesome cutting of the tubing
made the use of PEEK preferable. All connections of the PEEK tubing (with rat, syringe,
swivel etc.) consisted of small pieces of SMA flow rated pump tube (orange/green, 0.10
cc/min, Technicon Inst. Corp., U.S.A.). To prevent the connecting tubing from getting
tangled, a dual channel quartz swivel (Instech, U.S.A.) was inserted into the system. The
swivel was mounted on a home made counterbalanced arm, which could turn sideways
and move up and down freely, so that the animal was not restricted in its movement.
Motion of the rat was transferred to the swivel by means of a stainless steel wire, leaving
no torsion or pressure on the tubing. The rat’s inlet passed the outer channel of the swivel
(16 ml), while the rat’s outlet was connected to the central channel (1 ml). The use of
PEEK tubing and the quartz swivel resulted in a small lag time in the system of about
three minutes (from rat outlet to HPLC-inlet), for which all data were corrected. 
Running the experiment
Before the rat was attached, all other connections were made, perfusion of the tubing
started and a routine check was done on leakage and blockage of the tubing, swivel and
probe. When no problems occurred, the connections to the rat were made and again a
check on leakage and blockage was done. Especially a blockage in the system could cause
the pressure in the system to build up, which easily damages the swivel or the probe. One
of the problems that occurred rather regularly was the disconnection of the tubing from
the rat. To prevent this, regular replacement of the connecting tubing was necessary. In
case of 24 h experiments, the tubing was fixed to the in- and outlet with cyanoacrylate
glue (Pattex® Super-gel, Henkel), which increased the number of successful experiments
significantly. At the end of the experiment all tubing was disconnected and again checked
for obstructions. When the tubing was not to be used for more than one day, the whole
system was rinsed with distilled water. 
Infusion of drugs involved the introduction of a second syringe containing the drug
dissolved in Ringer’s solution. Once the syringe was positioned in the pump correctly, it
was run adjacent to the other syringe. To start the infusion, the tubing was manually
transferred from one syringe to the other. The lag time between the syringes and the
HPLC-inlet was about ten minutes, for which the start of infusion was corrected.
Automatic injection of the samples was controlled by the chromatography software.
In general, samples were collected for 19 minutes and 40 seconds, while the duration of
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injection was 20 seconds. The resulting complete cycle of collecting and injecting one
sample lasted exactly 20 minutes. Occasionally, the duration of sample collection was
different, which is indicated when relevant.
Automation
The use of chromatography software allowed on-line monitoring from outside the lab
by means of a modem connection. Remote control software (Carbon Copy 2.0 for
Windows) was used to establish a dial-up connection and to peek at the screen of the
computer controlling the chromatography. By looking at the chromatograms, a good
indication could be obtained on the quality of the microdialysis experiment. When
problems occurred, the lab had to be visited to correct them, but many times this was
not necessary. This system allowed a close monitoring of the experiments throughout
the evenings, with only minor effort of the experimentator, by which important experi-
ments have been saved.
 
2.2 Animals
Male albino rats weighing 250-350 g (Wistar strain; Harlan, The Netherlands) were used
in all experiments, unless specified otherwise. Generally upon arrival the animals were
200-250 g, but during the entrainment to their new light/dark (LD) cycle, they gained
weight and entered the experiments preferably at a weight of around 300 g. When animals
were to be held in specific LD cycles for longer periods of time, as was the case in the
entrainment experiment, their initial weight was 180-200 g. Upon arrival, animals were
placed in plastic cages (70 x 40 x 20 cm), on a layer of bedding (Hope Farms) in groups
of 4-8 rats. Cages were placed in lighttight boxes, which were continuously ventilated
and placed in a temperature controlled room (20 ± 2 °C). Light was provided by a set
of fluorescent tubes, resulting in a light intensity of 100-300 lux at cage level. Animals
were adjusted to a specific 12/12 h lighting schedule, generally lights on from 6.00 h
until 18.00 h in normal LD and lights on from 17.00 h until 5.00 h in reversed LD.
Other regimens used are indicated in the respective experimental setups. This adjustment
was at least for a period of two weeks. Then they entered the experiment by being placed
in a different LD cycle or by undergoing surgery. Placing them in a different LD cycle
also involved individual housing of the animals in different cages (40 x 25 x 16 cm). After
surgery, all animals were housed individually in cages appropriate for microdialysis (25
x 25 x 35 cm). Under all circumstances, animals had free access to food (Hope Farms,
The Netherlands) and water. The experimental protocols were approved by the Ethical
Committee of the Faculty of Mathematics and Natural Sciences, University of Groningen.
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2.3 Surgical procedure
Animals were anaesthetized with chloral hydrate (400 mg/kg i.p.). Once under anaes-
thesia, the skin on the head was shaved and the animal was fixated in a stereotaxic
apparatus (Kopf). With a small scalpel (10, no 3 fitment, Paragon®), an incision of 2 cm
was made anterior-posterior. With a pair of scissors two cuts were made along the
interaural line. Just beneath these cuts, also the underlying muscles were incised. After
the incisions were made, local anaesthesia was applied by a 10% lidocaine solution. Both
skin and muscle were moved away with a thread, leaving good access to both sides of the
temporal bone. The probe was fastened in a transverse position to a stereotaxic holder
and was aligned to the ear bar. Coordinates of interaural line, middle and height of the
skull were determined. Then the probe was positioned in the correct coordinates (AP
+0.8, V -2.5) and the insertion points for the probe were marked on the skull. After
moving away the holder with probe, two holes were drilled (Minikraft, Germany) on
each side of the temporal bone (Fig. 2.3a). The dura mater was carefully cut to ensure
proper insertion of the probe. The holder with probe was repositioned and the probe
was pushed into the tissue very carefully. After complete insertion, the tip of the probe
extended approximately 1 cm from the left hole (Fig. 2.3b). The tip of the tungsten wire,
together with 1 mm of the membrane was cut off with a sharp wire-cutter (TR-20-M,
Piergiacomi, Italy), so that the membrane was no longer attached to the tungsten. The
tungsten was pushed forward a little, to guide a short stainless steel tube (blunted needle,
23 G Stericon®) over the 2 mm membrane not covered with silicone glue. The stainless
steel tube was fixed with cyanoacrylate glue (Pattex® Super Gel, Henkel) and left to
harden for about 10 minutes. Then the tungsten wire was pulled back very carefully. In
securing the cannula, first the left side was placed on top of the skull (Fig. 2.3c), supported
in a 1 cm long middle section of a pipette tip (yellow), and fixed with dental cement
(Simplex Rapid®, Associated Dental Products Ltd., U.K.). Then the right side was
released from the holder and fixed similarly (Fig. 2.3d). During the fixation procedure
with dental cement, also an anchor (stainless steel wire, 0.5 mm o.d.) for the swivel
connection was placed on top of the skull. Finally the muscles and skin were sewed up
Figure 2.3 Different stages in the surgical procedure. For reasons of clarity, the pipette
tip sections are left out. See text for further explanation. (R = rostral, C = caudal, D =
dorsal, V = ventral)
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with four stitches. The resulting location of the probe in the pineal is shown in Fig. 2.4.
The animal was taken out of the stereotaxic apparatus and returned to its cage, to recover
from the anaesthesia. Animals were allowed to recover from the surgery for at least 16
h before they entered any experiment.
After the experiment, the location of the probe was determined visually. Under deep
anaesthesia (chloral hydrate, 1000 mg/kg i.p.), the thorax was opened and a perfusion
tube was inserted into the left ventricle. Then perfusion started with a 4% paraformal-
dehyde solution at a flow rate of 6 ml/min and lasted about five minutes. For a description
of the preparation of the paraformaldehyde solution, see page 69. After finishing the
perfusion, the skull was carefully removed. Because of the location of the pineal on top
of the brain, it was easily destroyed when this was not carried out carefully. Once the
skull was removed, the brain was taken out and the location of the probe in the
brain/pineal was determined visually by means of a microscope (20 times magnification).
When the probe itself was erroneously taken out during the removal of the skull, its trace
in the tissue was generally visible. There appeared to be a very good correlation between
exact location of the probe and the level of melatonin measured.
In the entrainment experiments (chapter 7) the animals were kept in constant dark-
ness. In these cases the complete surgical procedure was carried out under dim red light
conditions.
Figure 2.4 Schematic drawing of the trans pineal probe. Except for the area in the pineal
gland, the tube is covered with silicone glue. Inlet and outlet of the probe are placed on
top of the skull and kept in place by dental cement. The drawing shows a frontal section
of the rat brain according to the atlas of Paxinos and Watson246 (interaural, 0.2 mm).
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2.4 Analytical equipment
Most analyses were run on High Performance Liquid Chromatography (HPLC) systems
with fluorescence detection. At the early stages, the system consisted of a Pharmacia/LKB
model 2248 pump in conjunction with a Waters model M470 fluorescence detector. A
low pressure mixer (Pharmacia/LKB), controlled by the pump, allowed the use of
gradient elution. Solvent was degassed with helium and kept under a constant low helium
pressure (0.3 bar) throughout the analyses. Separation occurred on a reversed phase C18
column (250 x 4.6 mm, Supelco), which was kept at a constant temperature of 30 ± 1
°C using a water mantle and thermostated waterbath. The system was controlled by an
external computer (Mecom, 80286, 12 MHz) with HPLC-manager software (Pharma-
cia/LKB). Chromatograms were recorded on a flatbed chart recorder (Kipp & Zonen,
model BD41) and fed into the same personal computer with PE-Nelson integration
software. Samples were on-line collected in the loop (50 ml) of the HPLC valve and
injected by means of a Valco 6-port valve with fast electric actuator (Vici AG, Valco,
Switzerland). Injection intervals were controlled by an electronic timer (locally made).
At a later stage this system was used for the noradrenaline assay. In the on-line assay
for noradrenaline, the standard Nitronic 60 high pressure valve was replaced by a
Hastelloy C valve, which was chemically more resistant to the ferrichloride present in
the derivatization mixture. For the off-line noradrenaline assay, a refrigerated microsam-
pler was added to the system (CMA/200, CMA/Microdialysis, Sweden), which was
controlled by an external computer with CMA/200-software, version 1.20. The loop
(100 ml) was kept on a temperature of 80 °C by means of a BAS LC22-A temperature
controller (Bio Analytical Systems (BAS), USA).
Two other HPLC-systems have been used for the majority of all later melatonin
measurements. Essentially these systems were identical to the one described before. A
Waters 610 pump was used in conjunction with a Waters M470 fluorescence detector.
Solvent was degassed and blanketed with an MPSA system (Waters, USA) using helium.
Separation occurred on a reversed phase C18 column (25 x 4.6 mm, Supelco), which was
kept at a constant temperature of 30 ± 1 °C using a column heater controlled by the
Waters 600 System Controller. Both systems were controlled by an external computer
(NEC 386DX, 33 MHz) with Millennium 2010 chromatography software (Waters, USA)
using an IEEE interface. The analog detector output of both detectors was digitized by
one SAT/IN (Waters, USA) and fed into the same external computer. Samples were
on-line collected in the loop (50 ml) of the HPLC valve and injected by means of a Valco
6-port valve with fast electric actuator (Vici AG, Valco, Switzerland). Injection intervals
were controlled by the chromatography software. Injector control, automatic start of
data collection, auto-zero and marking signals to the detector, all involved specific wiring
of the external events from the Waters 600 System Controller, the SAT/IN and the fast
electric actuator. Because this wiring can be confusing, a schematic representation is
provided in Fig. 2.5.












































Figure 2.5 Wiring of the various instruments, enabling full automation of chromato-
graphy, injections and data collection. Instruments include the fluorescence detector
(Waters M470), HPLC-pump (Waters 600 system controller), high pressure valve with
fast electric actuator (Valco) and a two-channel SAT/IN, which serves as A/D-converter.
One channel of the SAT/IN is used by a second chromatography system. Both systems
are connected to one computer by means of an IEEE interface connected to the system
controller and by a direct connection of the SAT/IN to an interface-card in the computer.
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2.5 Analytical assays
Basically all assays were newly introduced in the laboratory and based on either remotely
related publications (melatonin) or on well established procedures (noradrenaline). In
all cases, application of the assay in microdialysis either on-line or off-line was new and
sometimes required extensive modifications.
Melatonin
There are several reports of fluorescence detection (FD) of melatonin and related indolic
compounds.5,56,220,221 Fluorescence capacity at specific excitation and emission wave-
lengths is characteristic for the indole nucleus, making it possible to measure melatonin
without derivatization. Compared to HPLC coupled to electrochemical detection,
HPLC-FD has the advantage that it is selective, stable, easy to use and highly sensitive.
The high oxidation potential needed in electrochemical detection results in noisy baseli-
nes, complex chromatograms and unpredictable sensitivity over time. Therefore the assay
of melatonin in the dialysates was based on HPLC with fluorescence detection.
The mobile phase consisted of a mixture of sodium acetate (10 mM), adjusted to a
pH of 4.5 with concentrated acetic acid, Na2-EDTA (0.01 mM) and 200 ml/l acetonitrile.
This eluent was delivered isocratically with a flow rate of 1.0 ml/min. The resulting
pressure was generally  about 1,400 psi. Optimum wavelengths for excitation (280 nm)
and emission (345 nm) were determined by scanning excitation at a fixed emission
wavelength and vice versa. Under the chromatographic conditions used, the retention
time of melatonin was in the range of 8-11 min, depending on the exact composition of
the eluent. The detection limit was 5 fmol/sample on column, with a signal to noise ratio
of 2:1. The detector response was linear between 22 and 2200 fmol (r=0.99988) as is
shown in Fig. 2.6. From dialysates, clear chromatograms were obtained with no inter-
fering peaks in which melatonin could be easily identified by comparing its retention
time with standard solutions. In Fig. 2.7, chromatograms are shown from a standard
Figure 2.6 Calibration curve for melatonin, using a suitable range of standard solutions
containing 22, 44, 110, 440, 1100 and 2200 fmol per injection (n = 5). Linearity was
determined by linear regression, yielding a correlation coefficient of 0.99988.
2. Trans pineal microdialysis, a description of the methodological aspects 63
solution as well as day and night time dialysates. Spiking the chromatogram with a
standard solution confirmed its identity as being melatonin. Another strong support for
its identity was that no melatonin could be observed during day- or night-time when the
probe did not hit the pineal gland.
Serotonin, N-acetylserotonin and melatonin
While melatonin is the primary output of the pineal gland, also serotonin and N-acetyl-
serotonin are interesting compounds. They are substrate and product of N-acetyltrans-
ferase, the rate limiting enzyme in melatonin synthesis, respectively. The change in relative
concentration of both compounds, in relation with changes of melatonin production
provides interesting information about the mechanism behind the melatonin regulation.
The basis for this assay was primarily as described for melatonin, with some modifi-
cations to enable detection of serotonin and N-acetylserotonin in the same run. These
modifications involved the addition of an ion-pair reagent and flow-programming. The
mobile phase consisted of a mixture of sodium acetate (10 mM), adjusted to a pH of 4.5
with concentrated acetic acid, Na2-EDTA (0.01 mM), 500 mg/l heptane-sulfonic acid
and 200 ml/l acetonitrile. The flow rate of the pump was programmed, starting at 1.0
ml/min. After 2 minutes, the flow rate was decreased in 30 seconds to 0.7 ml/min. Seven
minutes after the start of the run, the flow rate was increased gradually over a period of
one minute to 1.0 ml/min. The detection limits of the assay were 5 fmol/sample for
melatonin, 4 fmol/sample for serotonin and 2 fmol/sample for N-acetylserotonin, all with
Figure 2.7 Typical chromatograms from standard solution and dialysates. A. Standard
solution containing 215 fmol melatonin (1). The retention time was 10 min. B. Pineal
dialysate from the light period, representing 35 fmol melatonin (1). C. Pineal dialysate
from the dark period, representing 869 fmol melatonin (1).
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a signal to noise ratio of 2:1. Typical examples of chromatograms from a standard
solution, as well as day- and night-time microdialysates, are presented in Fig.2.8. Iden-
tification of the peaks occurred by comparison of retention time with standard solutions
and by spiking the dialysates with standard solution. 
Noradrenaline
Although many sensitive assays for noradrenaline use an HPLC method with electro-
chemical detection, the variability of the detector, as well as the short retention time of
noradrenaline, causing interference with many other compounds resulting in difficult
chromatography, are major drawbacks of these assays. VanderHoorn et al.386 described a
highly sensitive assay for catecholamines based on pre-column derivatization with 1,2-
diphenylethylenediamine and fluorescence detection. Detection limits of up to 1.8 fmol
of noradrenaline were reported. 
In the present studies, this method was adapted for microdialysis studies, both in an
on- and an off-line system. In both systems, the chromatography was similar. The mobile
phase consisted of sodium acetate (50 mM) adjusted to a pH of 7.0 with concentrated
acetic acid (62%), acetonitrile (30%) and methanol (8%). The flow rate was 1.0 ml/min,
resulting in a pressure of about 1400 psi. Because the electronic noise of the A/D
converter exceeded the chromatographic noise at this high sensitivity level, signals were
Figure 2.8 Typical chromatograms from standard solution and dialysates. A. Standard
solution containing 246 fmol N-acetylserotonin (1), 289 fmol serotonin (2) and 230 fmol
melatonin (3). Retention times are 3.2 min (N-acetylserotonin), 3.8 min (serotonin) and
10.1 min (melatonin). B. Pineal dialysate from the light period, representing 2606 fmol
serotonin (2) and 24 fmol melatonin (3). Level of N-acetylserotonin (1) has dropped
below the detection limit. C. Pineal dialysate from the dark period, representing 1142
fmol N-acetylserotonin (1), 2207 fmol serotonin (2) and 612 fmol melatonin (3).
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recorded on a flatbed recorder and manually processed. Peak identification and quanti-
fication were based on retention time and peak heights by comparison to standard
solutions. The detection limit of the assay was 1.8 fmol/sample with a signal to noise
ratio of 2:1.
Derivatization reaction
The main reagent used for the derivatization was 1,2-diphenylethylenediamine (DPE)
(0.1 M in 0.1 N HCl). In a reaction that is typical for catechols, a diphenylquinoxaline
derivative was formed (Fig.2.10), which is highly fluorescent at an excitation wavelength
of 350 nm and an emission wavelength of 480 nm. In the reaction, the ferri ion (Fe3+)
was needed as a catalyst, therefore potassiumferricyanide (20 mM) was used as a second
reagent. To maintain a constant pH, buffer was added (bicine buffer, 1.75 M, pH=7)
and the organic accelerator acetonitrile completed the reaction mixture. The reaction
generally took 45 minutes to complete at room temperature, but was highly temperature
dependent. An extensive study on the effects of different parameters such as temperature,
reaction times, reagent concentrations etc. has been described by VanderHoorn et al.386
and it can be considered as fully optimized. Because the reaction is specific for the
catechol moiety, also other catechols like dopamine can be assayed in this way. Vander-
Hoorn et al.386 reported the simultaneous assay of six catechols in plasma. Noradrenaline
had the highest sensitivity and appeared to be the most stable in terms of pH-sensitivity,
deterioration of the product formed etc. 
Figure 2.9 Typical example of a chromatogram from a night-time pineal microdialysate.
The peak indicated represents 10 fmol of noradrenaline (1). The retention time was 11
minutes.
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On-line
DPE, acetonitrile and bicine buffer were combined in a ratio of 2:5:1 respectively to yield
one reagent (A). Potassiumferricyanide was kept as a separate reagent (B). To limit the
amount of corrosion in the HPLC-valve, the concentration of potassiumferricyanide was
decreased to 5 mM. Down to this concentration there was no effect on sensitivity. Both
reagents A and B were pumped through microbore PEEK-tubing with a flow rate of 1.8
and 0.4 ml/min, respectively, using an extra CMA/101 microinjection pump (CMA/Mi-
crodialysis AB, Stockholm, Sweden). In a small T-shape mixing chamber, A and B were
joined, as well as the outlet of the rat. With a combined flow rate of 4.0 ml/min the
reaction mixture subsequently passed a polyethylene-tube in which the length of stay was
45 minutes, enough to complete the derivatization reaction. The outlet of the PE-tube
was connected to the loop (100 ml) of the HPLC-valve. Samples were collected for a
period of 20 minutes. Then the samples were injected on the column with the help of
an electronic timer. The lag-time between outlet of the rat and HPLC-valve, including
the reaction time for the derivatization was one hour, for which all data were corrected.
In this on-line procedure, some loss in sensitivity occurred (10%), compared to off-line
standard solutions, for which the data were corrected. The use of very pure chemicals
(see synthesis of DPE, page 69) resulted in clean chromatograms in which the norad-
renaline was easily detectable. An example of a chromatogram from a night-time pineal
dialysate is shown in Fig. 2.9.
Off-line
In the off-line system, the output of the rat was connected to a CMA/142 micro fraction
collector (CMA/Microdialysis AB, Stockholm, Sweden), where the microdialysates were
collected in 300 ml glass vials (Chromacol, Trumbull, USA) prior to analysis. Samples
were collected for a period of 20 minutes. Then they were assayed in an automated
procedure as described by Kehr.153 Acetonitrile and potassiumferricyanide (20 mM) were
combined in a ratio of 12.5:1 to yield one reagent (A). DPE and bicine buffer were mixed
in a ratio of 2:1 to yield another reagent (B). At least within one hour after the collection
Figure 2.10 The derivatization reaction between meso-diphenylethylenediamine and
noradrenaline. The resulting product is a diphenylquinoxaline derivative.
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of each sample, the vial was transferred to the CMA/200 refrigerated microsampler and
cooled down to 8 °C. Following a pre-programmed derivatization procedure, sub-
sequently 28 ml of reagent A and 15 ml of reagent B were added to the sample and mixed
thoroughly. Then 60 ml of this mixture were aspirated into the loop of the valve. The
temperature of this loop was increased by a loop heater, and kept at a temperature of 80
°C. At this high temperature, the derivatization reaction took 6.5 minutes to complete,
after which the sample was injected onto the column.
On-line versus Off-line
The sensitive HPLC assay based on fluorescence detection described here has proved to
be very useful. The reliability of the system over a long period of time, the high sensitivity
and the lack of chromatographic problems gives the fluorescence detection several
advantages over electrochemical detection, which is normally used for the detection of
noradrenaline. The use of this method in an on-line system makes it technically more
complicated, but gives the experimentator direct interaction with the experiment, es-
sential in basic research and historically always a strong point of microdialysis. The small
loss in sensitivity of about 10% compared to the off-line system is negligible. Nevertheless,
the on-line method has some drawbacks in this assay. The complexity with three lines of
liquid enlarges the chance of problems and the slow derivatization process hampers their
detection. Furthermore, the continuous presence of reagents in the HPLC-valve can
result in substantial corrosion over time. The off-line method, when fully automated with
a microsampler, offers closer control over the derivatization reaction, and less corrosion
in the HPLC-valve, because samples are in the valve for only a very short time. Keeping
track of the samples however is of crucial importance, especially when samples are
collected from two animals at the same time, which is possible using the CMA/142 micro
fraction collector. Especially in that case, analyses will have to run over night and the
results of the experiment will not be available until the next morning. The independent
position of the HPLC system from the microdialysis experiment further offers a large
flexibility in the use of that system. In conclusion, the off-line system is slightly preferable
over the on-line system, especially when experiments become more routine. The higher
costs are compensated for by a higher number of successful experiments. 
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2.6 Chemicals
Most acids and salts (chloral hydrate, acetic acid, calcium chloride, magnesium chloride,
potassium chloride, sodium acetate, sodium chloride, sodium dihydrophosphate and
disodium monohydrophosphate) were obtained from Merck (Darmstadt, Germany).
Organic solvents (acetonitrile, methanol) were HPLC grade and obtained from Lab-Scan
(Lab-Scan Analytical Sciences, Ireland). The following chemicals were obtained from
Janssen Chimica (Geel, Belgium): potassiumferricyanide (K3Fe(CN)6.6H2O), Hyp-
norm® and heptane-sulfonic acid. All other chemicals were obtained from Sigma (St.
Louis, U.S.A.). Specific melatonin ligands were in-house synthesized or obtained from
Glaxo-Wellcome Research Ltd. as indicated in chapter 7.
Preparation of the Ringer’s stock solution
Ringer’s solution (1.2 mM Ca) was prepared daily from a ten times concentrated stock
solution. This stock solution was prepared by dissolving 8.2 g of sodium chloride (NaCl),
0.224 g of potassium chloride (KCl), 0.176 g of calcium chloride (CaCl2.2H2O) and
0.203 g of magnesium chloride (MgCl2.6H2O) in 100 ml of water. After complete
dissolution, the liquid was transferred to tubes in 1 ml aliquots and frozen.
Preparation of paraformaldehyde solution
The paraformaldehyde solution was prepared by dissolving 40 g paraformaldehyde in
500 ml water. This solution was heated to 70 °C. After adding 0.2 g sodium hydroxide
(NaOH), the solution turned clear. Then 500 ml 0.1 M of phosphate buffer (17.8 g/l
Na2HPO4) was added and the pH was adjusted to 7.4 with sodium dihydrophosphate
(NaH2PO4).
Synthesis of diphenylethylenediamine (DPE)
When the assay for noradrenaline was initiated, DPE was not commercially available.
Later, Aldrich (Aldrich Chemie, Belgium) included both the R,R and the S,S form in
their catalogue, but those were lacking the absolute purity needed in the assay. The first
batch (100 mg) was a generous gift from Dr. F.A.J. Van der Hoorn. Later DPE was
synthesized as previously described.139 The purification, a crucial element in the synthetic
procedure, was performed by sublimation, followed by recrystallization from ether.
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2.7 Data management
General procedures
From each individual experiment, a spreadsheet was produced including the circum-
stances under which the experiment was carried out, calibration data from standard
solutions, raw experimental data and calculated data (Microsoft Excel for Windows,
version 3.0-7.0). Data from several experiments were combined to produce the final
figures using Prism 2.0 for Windows scientific presentations software (Graphpad Scien-
tific Software, U.S.A.).
In general, all data were calculated as the relative concentration compared to basal
levels and presented as the mean ± S.E.M. of several experiments. This corrected for
differences in absolute output due to variations in placement and recovery of the probes.
Basal levels were either daytime or night-time levels, which is indicated in each figure.
Most figures have a standard lay-out, including information on correct time-scale,
infusion periods and/or times of injection if applicable and LD cycle. A sample figure is
given in Fig. 2.11. 
Calculation of phase markers IT50, DT50 and amplitude
In the entrainment and phase shift studies (chapter 7 and 8) a special method was used
to calculate the two phase-markers (onset and offset) of the melatonin rhythm, in order
to make a comparison of the phase of the various rhythms measured. In this method two
Figure 2.11 An example of the lay-out of the figures used throughout the thesis. The
left axis represents the amount of indicated compound produced/released, expressed as
percentage of basal levels. The bottom axis indicates the time-scale in either minutes (min)
or hours (h). The bar at the top indicates the light and/or dark period. The vertical dotted
line emphasizes the onset and/or offset of darkness. The hatched bar at the bottom
indicates a period of perfusion with a compound mentioned in the legend.
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sigmoïdal curves were fitted through the datapoints of each individual experiment,
describing both increase and decrease of melatonin levels (Fig. 2.12). Based on these
curves, the Time at which 50% of the maximal Increase in melatonin levels was reached
was calculated and referred to as IT50 . Similarly, the Time at which 50% of the Decrease
in melatonin levels was reached was calculated, which we referred to as DT50. By
definition IT50 was measured with t = 0 h (circadian time (CT)12) as the origin, while
the DT50 had t = 12 h (CT0) as the origin. The onset of the subjective night is normally
referred to as CT12, the onset of the subjective day as CT0. The third parameter
calculated was the amplitude. From each individual experiment a set of datapoints was
created, existing of all data between IT50 + 1.5 h and DT50 -1 h. Datasets from all
experiments within one group were averaged and statistically tested. 
Statistical analyses
When applicable, data were tested for statistically significant effects using either SigmaS-
tat for Windows, version 1.0 (Jandel Corporation, U.S.A.) or built in statistical routines
in Prism 2.0 for Windows. In time-course experiments, where levels from t = -80 to t
= 0 were averaged and considered as 100%, statistical analysis was performed by repeated
measures ANOVA, followed by a Dunnett multiple comparison test against controls (t
= -80-0 min). In entrainment and phase shift experiments, IT50, DT50 and amplitude
data were statistically analyzed by one-way ANOVA, followed by a Newman-Keuls mul-
tiple comparison test. In all cases, the level of significance was reached when p < 0.05.
Figure 2.12 A graphical representation of the calculation of both phase markers, IT50
and DT50. A sigmoïdal curve (Boltzman, non-linear regression) is fitted through two sets
of datapoints, one around the increase and one around the decrease. From the fitted
curves, the times at which 50% of the maximal increase (IT50) or decrease (DT50) has
been achieved is calculated. The resulting IT50 value is expressed compared to CT12,
whereas DT50 is compared to CT0.
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